Abstract
The alluvial aquifer in the Fountain Creek Valley is the primary municipal water supply for the communities of Stratmoor Hills, Security, and Widefield and is a supplemental supply for Colorado Springs, Colorado. As such, about 5,000 to 6,000 acre-feet of the estimated 18,000 acre-feet of water stored in the aquifer are pumped annually. Therefore, the quality of water pumped from the aquifer is a major concern. Since 1981, concentrations of dissolved nitrite plus nitrate as nitrogen (nitrate) have exceeded the Federal drinking-water maximum contaminant level of 10 milligrams per liter in several areas of the aquifer. The source of increased nitrate concentrations in the aquifer was thought to be Fountain Creek. Water-quality data collected quarterly in 1991 and 1992 from a network of 63 wells were used to define the spatial and temporal variations in concentrations of dissolved oxygen, dissolved solids, major ions, and nitrogen in the aquifer.
Fountain Creek and the aquifer are hydraulically connected throughout much of the study area. The connection is present as discontinuous bedrock lows where the creek and the aquifer are in contact. In the areas where the creek and the aquifer are hydraulically connected, the hydraulic gradient controls the direction of flow between the creek and the aquifer. Ground-water flow generally was toward Fountain Creek during 1991 and 1992, although short-term increases in stream stage in Fountain Creek might have resulted in short-term flow from the creek to the aquifer.
Dissolved-oxygen concentrations in the aquifer ranged from 0.0 to 8.2 milligrams per liter. Concentrations of dissolved oxygen generally were smaller near the interface of Fountain Creek and the aquifer than in the main body of the aquifer. Dissolved-solids concentrations were generally larger near the creek than in the main body of the aquifer; calcium bicarbonate type water was the predominant water type in the main body of the aquifer. Tributary alluvium inflow and surface recharge from precipitation and lawn watering are the primary sources of recharge and the resulting small dissolved-solids concentrations in the main body of the aquifer.
Concentrations of dissolved nitrate in the aquifer ranged from less than 0.05 to 17 milligrams per liter. Considerable spatial variability occurred in nitrogen concentrations. Concentrations generally were smaller near Fountain Creek than in the main body of the aquifer. Denitrification near the interface of Fountain Creek and the aquifer was indicated to be the cause of the small nitrogen concentrations in ground water near the creek. Several sources of indirect evidence indicate that major sources of nitrogen in the ground water may include natural soil nitrogen, lawn fertilizers, and leakage from industrial-waste lagoons: (1) Relatively fresh, surface-derived water in the aquifer coincides with the area of larger dissolved nitrite-plus-nitrate concentrations; (2) ground water flows from the densely populated residential areas toward Fountain Creek; (3) a rapidly expanding residential population is increasing surface-derived recharge and associated nitrogen from lawn watering and fertilization; (4) median dissolved-oxygen concentrations in the lower-and upper-terrace-alluvium wells are 4.2 and 4.9 milligrams per liter, compared to a median concentration of 0.3 milligram per liter near Fountain Creek; (5) nitrogen-isotope ratios are 6.2 to 6.3 per mil in the main body of the
INTRODUCTION
The shallow, unconfined alluvial aquifer that is located adjacent to Fountain Creek in southwestern El Paso County between Colorado Springs and Widefield (pi. 1) is a primary source of drinking water for the communities of Stratmoor Hills, Security, and Widefield and is a supplemental source of water for Colorado Springs. Historically, water pumped from the aquifer primarily was used for agricultural irrigation until the mid-to late 1950's, when the demand for municipal and industrial water for the rapidly developing area increased. Currently (1992) about 5,000 to 6,000 acre-ft of the estimated 18,000 acre-ft of stored water are pumped annually for municipal usage (Edelmann and Cain, 1985) ; therefore, the quality of water available in the aquifer is very important.
A previous investigation (Edelmann and Cain, 1985) indicated that concentrations of dissolved nitrite plus nitrate as nitrogen in some parts of the aquifer exceeded the Federal drinking-water maximum contaminant level of 10 mg/L (U.S. Environmental Protection Agency, 1986) . The primary source of nitrogen to the aquifer was indicated to be recharge from Fountain Creek (Edelmann and Cain, 1985) . Treated sewage effluent is discharged to Fountain Creek by the Colorado Springs Wastewater Treatment Plant and was reported by Edelmann and Cain (1985) to be the primary source of nitrogen in the creek. The findings of Edelmann and Cain (1985) primarily were based on the results of analyses of water samples collected from a network of large-capacity production wells that are situated along the central northwest-tosoutheast axis of the aquifer (pi. 1); very limited hydrogeologic or water-quality data were available for areas at the aquifer boundaries. The present study was undertaken in 1991 and 1992 by the U.S. Geological Survey, in cooperation with Colorado Springs Utilities, Wastewater Department, to determine the hydrogeologic characteristics of the alluvial aquifer and adjacent deposits of the Fountain Creek Valley and to determine the water quality of the water in the aquifer and in the tributary alluvium.
Purpose and Scope
This report describes the water quality of water in the alluvial aquifer, which includes the adjacent tributary alluvium, of the Fountain Creek Valley. The spatial distributions of dissolved oxygen, dissolved solids, major ions, and dissolved nitrite plus nitrate as nitrogen (hereinafter referred to as nitrate) for 63 wells in the alluvium of the Fountain Creek Valley and the distributions of dissolved solids and nitrate as a function of time, from 1981 through 1992 for five of the wells, are discussed. This report is the second report for the study; the first report (Radell and others, 1994) presented water-table, saturated-thickness, and bedrockcontour maps, in addition to geologic sections and a discussion of ground-water flow at the aquifer boundaries. Some of the hydrogeologic information from that first report are included in this report.
Water-quality samples were collected quarterly from July 1991 through October 1992. Water samples for analysis of concentrations of dissolved solids, major ions (including phosphorus, iron, and manganese), nitrogen, and phosphorus were collected in July or August 1991 and August 1992 from 46 2-in. monitoring wells, 12 large-capacity production wells, 3 irrigation wells, and 2 domestic-supply wells (pi. 1). Water samples for analysis of dissolved-nitrogen concentrations also were collected in November 1991 and February, May, and October 1992 from a subset of the larger network of 63 wells and included 29 2-in. monitoring wells, 7 large-capacity production wells, 1 irrigation well, and 2 domestic-supply wells. Onsite measurements of specific conductance, pH, and temperature were made at all wells, and onsite measurements of dissolved-oxygen concentration were made at all 2-in. monitoring wells. In February 1992, water samples collected from six monitoring wells, one municipal supply well, one irrigation well, and one surface-water station, 07105530, Fountain Creek below Janitell Road below Colorado Springs (hereinafter referred to as the Janitell Road station), were analyzed for nitrogen isotopes.
Water-Quality Sampling
The 2-in. monitoring wells were sampled using a PVC bladder pump that had a Teflon bladder and polypropylene tubing. Water was discharged from the tubing into a flow-through, air-exclusion sample chamber equipped with probes for measuring water temperature, dissolved oxygen, pH, and specific conductance. Samples were not collected until a minimum of three casing volumes were pumped from each well and mea-surements of water temperature, dissolved oxygen, pH, and specific conductance had stabilized. Samples were collected from the outflow of the flow-through chamber. Production wells, irrigation wells, and domesticsupply wells were sampled directly from their pump outflow after being pumped a minimum of 10 minutes and measurements of water temperature, pH, and specific conductance had stabilized. Analyses of samples for concentrations of water-quality constituents, except nitrogen isotopes, were done by the U.S. Geological Survey National Water Quality Laboratory in Arvada, Colorado, according to methods described in Fishman and Friedman (1989) . Nitrogen-isotope analyses were made by Global Geochemistry in Canoga Park, California.
DESCRIPTION OF STUDY AREA

Physical and Hydrogeologic Setting
The study area consists of an alluvial valley and adjacent terraces and tributary valleys that extend from Colorado Springs to Widefield (pi. 1). The valley is drained by Fountain Creek and is bordered by the terraces that rise to more than 200 ft above the valley floor. Daily streamflow in Fountain Creek in the study area averaged about 95 ft3/s at the Janitell Road station in 1991 and 1992. Considerable variation in daily streamflow occurs as a result of snowmelt runoff, intense summer rainstorms, and releases of treated wastewater effluent from the Colorado Springs Wastewater Treatment Plant. More detailed discussions of the physical and geologic setting of the Fountain Creek Valley have been presented by Jenkins (1964) , Scott and Wobus (1973) , Livingston and others (1976) , Edelmann and Cain (1985) , and Radell and others (1994) .
The alluvial aquifer and the tributary alluvium of the Fountain Creek Valley are in eroded ancestral channels of Fountain Creek and its adjacent tributary valleys between Colorado Springs and Widefield (pi. 1). For the purposes of this report, the study area has been divided into three sections based on physiographic and hydrogeologic setting: (1) Creek bottom, (2) lower terrace, and (3) upper terrace (pi. 1). The creek-bottom section of the study area extends about 300 to 500 ft on either side of Fountain Creek (pi. 1). The creek bottom (or flood plain) is a flat, low-lying, undeveloped area that rises about 10 ft above the creek. On the east and west sides of the creek bottom is the lower terrace (pi. 1). The lower terrace rises about 10 to 60 ft above Fountain Creek. Extensive residential and commercial development exists throughout much of the lower terrace. The upper terrace rises about 60 to more than 200 ft above Fountain Creek and is located predominantly to the east of Fountain Creek (pi. 1). Land use in the upper terrace includes extensive residential and commercial development and limited industrial development.
The Fountain Creek Valley alluvial aquifer consists of alluvial sediments of the Quaternary age that range from fine sand to cobbles and include variable quantities of silt and clay. Pierre Shale, which is a thick marine shale of Cretaceous age, underlies the alluvium throughout the study area and is considered impermeable to ground-water flow. The shale bedrock surface has been eroded by Fountain Creek and generally follows the overall northwest to southeast trend of the aquifer. The main body of the aquifer is within a buried ancestral channel of Fountain Creek that is eroded into bedrock of the Pierre Shale. Aquifer material in the creek bottom is Piney Creek Alluvium, which is a firmly compacted clayey silt and sand that has low to medium permeability and is subject to seasonal flooding (Scott and Wobus, 1973) . Aquifer material in the lower terrace east of Fountain Creek is mainly Broadway Alluvium, which is a very permeable, gravelly alluvium. Aquifer materials in the lower terrace west of Fountain Creek include the Piney Creek Alluvium and the Verdos Alluvium (Scott and Wobus, 1973) . The Verdos Alluvium is a poorly sorted gravel containing lenses of sand, silt, and clay. The alluvium located in the lower terrace west of Fountain Creek generally is thinner than east of Fountain Creek and wedges out against bedrock of the Pierre Shale to the west. Aquifer material in the upper terrace includes Piney Creek Alluvium adjacent to Sand Creek; areas of eolian sand overlie older, alluvial deposits, including the Broadway and the Verdos Alluvium to the south of Sand Creek (Scott and Wobus, 1973) .
The thickness of the alluvium ranges from 0 to about 100 ft; the saturated thickness varies from 0 to about 45 ft (Radell and others, 1994) . Areas of saturated alluvial fill are located in ancient, buried tributary channels in the shale. Unsaturated alluvium and eolian sand are on ridges or geographic highs of the bedrock and separate areas of saturated alluvial fill. Saturated thickness in the creek bottom generally ranges from 0 to about 20 ft, and water levels are subject to rapid, short-term fluctuations that correspond to changes in stream stage in Fountain Creek. Saturated thickness in the lower terrace ranges from about 10 to almost 40 ft. The largest saturated thickness is along the central longitudinal (northwest to southeast) axis of the aquifer and in the tributary valleys between Sand Creek and Windmill Gulch.
The direction of regional ground-water flow in the saturated alluvium in the study area is from the northwest to the southeast. Locally in the aquifer and tributary alluvium, water flow is toward Fountain Creek throughout most of the study area. Hydraulic connection between the creek and aquifer and differences in water levels between the creek and aquifer are the determining factors in whether water flows from the creek to the aquifer instead of from the aquifer to the creek. Recharge sources of the alluvial aquifer include inflow from tributary alluvium; recharge from the land surface, which includes precipitation and lawn watering; leakage from Fountain Creek, Sand Creek, and Canal No. 4; and very limited agricultural irrigation.
Hydraulic connection between Fountain Creek and the aquifer is dependent on the geometry of the bedrock of Pierre Shale underlying and adjacent to the creek. Cross sections of the creek and the aquifer (Edelmann and Cain, 1985; Radell and others, 1994) and a reconnaissance of the creek indicated that hydraulic connection is not continuous but rather exists as discontinuous bedrock lows in the shale where the creek and the aquifer are in contact. Hydraulic connection is prevented in areas where the creek bed is incised into the shale and where a shale bedrock high separates the creek from the aquifer.
In areas where hydraulic connection exists between the creek and the aquifer, the direction of flow between the creek and the aquifer is dependent on the difference in water levels between the two. During 1991 and 1992, water levels in the aquifer remained relatively high, thus, resulting in a hydraulic gradient toward Fountain Creek. The difference in water levels between the creek and the aquifer can vary daily, seasonally, and for longer periods of time, depending on climatic and hydrologic conditions. Increased stream stage resulting from wastewater-treatment-plant discharges, precipitation, or spring snowmelt runoff can cause a decrease in the rate of flow from the aquifer to the creek or can result in flow from the creek to the aquifer. The local ground-water gradient near the stream may be reversed if the stream stage increases above the water level in the aquifer. The flow from the stream to the aquifer results in bank storage; bank storage returns to the creek when the stream stage decreases. The length of time that bank storage stays in the aquifer is dependent on how long the stream stage remains high. A small amount of streamflow generally is lost to bank storage (Kuhn, 1988) . The amount of water lost to permanent storage is dependent on the length of the time necessary for bank storage to return to the stream. Ground-water pumpage that results in the drawdown of the aquifer can result in more flow from the creek to the aquifer.
Climate
The climate of the study area is semiarid and is characterized by hot summers, cold winters, and mean annual precipitation of about 15.4 in. About 80 percent of the annual precipitation occurs between April and September. During 1949 92, annual precipitation at the Colorado Springs weather station, located at the Colorado Springs airport, ranged from 8.59 in. in 1964 to 25.43 in. in 1965 (fig. 1 ). The cumulative departure from the mean annual precipitation from 1949 to 1992, which indicates temporal trends in precipitation, also is shown in figure 1. There was a cumulative decrease in precipitation in 1949-56, 1958-64, and 1972-75 . A cumulative increase in precipitation occurred from 1975-92.
Ground-Water Pumpage
Pumpage from the aquifer primarily was used for agricultural irrigation until the mid-1950's ( fig. 2) . As the demand for municipal water increased, total withdrawals increased from less than 2,000 acre-ft/yr in 1950 to more than 6,000 acre-ft/yr in the early 1960's. Withdrawals were largest during 1964-78; total withdrawals exceeded 7,000 acre-ft/yr in 12 of the 15 years. Since 1979, annual withdrawals have averaged about 6,000 acre-ft/yr. During 1991 and 1992, annual withdrawals were less than 5,000 acre-ft/yr; the smallest annual withdrawal in more than 30 years. Because of withdrawals for municipal water supplies, ground-water levels have been subject to drawdowns in the summer (June-August) when pumpage is largest. Drawdowns of 15 to 20 ft were common in the summers prior to 1979 (G.B. Thompson, W.W. Wheeler and Associates, written commun., 1992) . The water levels generally recovered during the remainder of the year. In 1975, the water users of the aquifer entered into a water-use agreement that stipulates the timing and magnitude of pumping from the aquifer (G.B. Thompson, written commun., 1992). Groundwater-level declines have been much less severe since 1979 through the present (1992) because of better management of pumpage, increased recharge from larger than mean precipitation, and increased recharge from lawn irrigation. Residential development and the area subject to lawn watering have increased substantially since 1983. Between 1983 and 1992, the number of water customers served by the Security Water and Sanitation District increased about 50 percent and of the Widefield Homes, Inc., about 22 percent (R.T. Schrader, Security Water and Sanitation District, written commun., 1992; Ken Roadcamp, Widefield Homes, Inc., oral commun., 1992) .
WATER QUALITY
Water quality in the aquifer is highly variable as a result of (1) numerous sources of aquifer recharge that have variable water-quality characteristics, (2) the extent to which different recharge sources mix within the aquifer, (3) the existence of numerous point and nonpoint sources of contamination, and (4) chemical and biological processes that affect water chemistry. Ground-water-quality data collected for this study are presented in tables 3 5 in the "Supplemental Data" section at the back of this report.
Dissolved Oxygen
Dissolved-oxygen (DO) concentrations in the aquifer ranged from completely anoxic in the creek bottom to 8.2 mg/L in the terraces (tables 3,4, and 5). The DO concentration of water from various wells was a function of the source of water recharging a particular area and the biochemical processes occurring in the sediment through which water passed. DO concentrations were smallest in the creek-bottom wells; the 
Dissolved Solids and Major Ions
Dissolved-solids concentration is a measure of the dissolved mineral content of water and is indicative of the inorganic quality of water. Ground-water samples collected in July or August 1991 and August 1992 were analyzed for dissolved-solids and major-ion concentrations (tables 3-5). Samples collected during the other quarterly sampling periods were analyzed for specific conductance, which can be used to estimate dissolved-solids concentrations. Specific conductance is the ability of water to conduct an electrical current and varies directly with the ionic strength of a solution; as the concentration of ions or dissolved solids increases, specific conductance increases. Dissolved-solids concentrations in all wells sampled in November 1991 and February, May, and October 1992 were estimated using a linear regression of dissolvedsolids concentration and specific conductance, which was produced with dissolved-solids and specificconductance data from the July and August 1991 and August 1992 water samples. The regression equation Dissolved-solids concentrations in the aquifer generally decreased with increasing distance from Fountain Creek (pi. 2). The median concentration for water from the creek-bottom wells was 674 mg/L, for the lower-terrace wells was 447 mg/L, and for the upper-terrace wells was 370 mg/L. The decrease in dissolved solids with distance from the creek primarily is a function of the different sources of water recharging the aquifer. The larger dissolved-solids concentrations in the wells closest to the creek probably are caused by recharge from Fountain Creek, concentration of dissolved solids by phreatophyte transpiration, and underflow from the thinly saturated alluvium to the west of Fountain Creek. The smaller dissolved-solids concentrations in the lower-terrace wells than in the creek-bottom wells mostly were a result of some degree of mixing between creek-bottom ground water and fresher water from the upper terrace and tributary alluvium. The smallest dissolved-solids concentrations in the aquifer were measured in the main tributary valley to the southeast of Sand Creek and were indicative of relatively fresh, unmineralized water from surface recharge. The area of small dissolved-solids concentrations extended into the main body of the aquifer in the lower terrace, where most of the municipal wells are located (pi. 2).
The median daily dissolved-solids concentration for the Janitell Road station (pi. 1) was 498 mg/L during the study period. Dissolved-solids concentrations of Fountain Creek were determined using a linearregression equation of dissolved-solids concentration and daily mean specific conductance. The equation had an r2 value of 0.97 and a standard error of 4.7 percent. Large phreatophytes, such as the cottonwood trees that grow along Fountain Creek, consume large quantities of water from the very shallow saturated alluvium in the creek bottom. Through the process of evapotranspiration, large quantities of minerals can remain in the ground water, thus, concentrating the dissolved solids. Larger dissolved-solids concentrations to the west of Fountain Creek, as compared to east of Fountain Creek, might be a function of less permeable alluvium and less saturated thickness, thus, allowing for more contact time between the ground water and the Pierre Shale, more dissolution of the shale minerals, and less dilution of the minerals in the ground water.
Major-ion chemistry can be used as a general indicator of water quality and as a method of indicating water-composition differences and similarities. This information also can be used to help identify groundwater-recharge sources. Hydrochemical facies or water types were determined for each well using a classification system based on percentage of equivalents per million as described by Hem (1985) . For a water type to be classified by a single cation or anion, that cation or anion must represent at least 50 percent of the total cation or anion equivalents per million. If there is no dominant cation or anion, the water is classified as a mixed type. The distribution of water types in the alluvial aquifer and the tributary alluvium for 1991 is shown on plate 3.
In the creek-bottom wells, ground water from 12 of the 16 wells was a mixed water type. The mixed water types in the creek-bottom wells are representative of recharge from Fountain Creek and some degree of mixing between other recharge sources. A review of miscellaneous analyses of the Janitell Road site from 1980 through 1992 indicates water in the creek is a mixed or mixed-cation sulfate water type.
In the lower terrace, the most common water type (from 16 of 34 wells) was calcium bicarbonate; ground water at 5 of the 34 wells in the lower terrace was a mixed-cation sulfate water type; ground water at the remaining wells was various mixed water types. In the upper terrace, ground water from 9 of the 14 wells was a calcium bicarbonate water type; ground water collected from the remaining wells had various mixed water types.
Chebotarev (1955) reported that the dominant anion in ground water tends to evolve from bicarbonate in relatively fresh recharge water to sulfate and finally chloride in older ground water that has had time to dissolve sulfate-and chloride-containing minerals in the aquifer. The area in the upper and lower terraces, which has relatively fresh water containing small dissolved-solids concentrations (pi. 2), coincides with the area having a calcium bicarbonate water type. These results indicate that surface recharge probably is a major source of recharge in these areas. Water samples from a few wells in the upper terrace had substantially larger dissolved-solids concentrations than samples from other nearby wells. Sulfate was the dominant anion in ground water from these wells. These water-quality anomalies can be caused by dissolution of shale minerals, irrigation canal leakage, water reuse, leaking sewers, or other localized sources of waterquality degradation.
Nitrogen
Nitrogen is present in the hydrologic environment in several forms, which may be stable or reactive depending on environmental conditions. Almost all of the nitrogen in the water samples collected from the monitoring-network wells was in the form of dissolved nitrate, Dissolved-nitrite concentrations generally were less than 0.02 mg/L as nitrogen (tables 3 5). As a result, nitrite is considered a negligible component of the analysis of nitrite plus nitrate. Dissolved-ammonia concentrations generally were less than 0.05 mg/L as nitrogen (tables 3,4, and 5). No monitoring wells are located completely upgradient from all anthropogenic nitrogen sources; therefore, naturally occurring nitrate concentrations in ground water could not be estimated. Nitrate concentrations varied substantially within the study area (pi. 4), although nitrate concentrations in any given well generally did not vary substantially during 1991 and 1992. Potential sources of nitrogen in the aquifer include natural soil nitrogen; turf-grass fertilizers; leakage from industrial-waste lagoons; waste water effluent discharged to Fountain Creek, Sand Creek, and Canal No. 4; exfiltration from sewers and septic systems; animal wastes; and atmospheric deposition.
Nitrate concentrations generally were smallest in water from the creek-bottom wells (pi. 4), where the corresponding dissolved-oxygen concentrations also were small. Nitrate concentrations in 24 of the 26 water samples collected from 6 of the 13 creekbottom wells (TH5, TH7, TH29, TH49, TH50, and U07) that are located downstream from the Colorado Springs Wastewater Treatment Plant, which has been mentioned by previous investigators (Edelmann and Cain, 1985) as the major source of nitrogen in the creek, were less than 1 mg/L; concentrations from several of these wells were less than 0.05 mg/L. Nitrate concentrations in the other seven creek-bottom wells ranged from 2.5 to 12 mg/L; the median concentration was 7.0 mg/L. Similar geochemical composition and hydraulic contact between areas of the alluvial aquifer and Fountain Creek indicate that Fountain Creek is a source of recharge and, subsequently, of nitrogen to areas of the aquifer immediately adjacent to the creek.
The smaller nitrate concentrations in creekbottom wells, as compared to lower-and upper-terrace wells, seem to be caused by denitrification. Denitrification is the bacterial reduction of nitrate to nitrous oxide or nitrogen gas and has been documented to occur in ground-water systems (Smith and Duff, 1988; Fustec and others, 1991) . Denitrification was indicated in 6 of the 13 creek-bottom wells. This conclusion is supported by indirect evidence that included anoxic dissolved-oxygen concentrations; elevated concentrations of dissolved manganese and iron, as compared to dissolved manganese and iron concentrations in the well-oxygenated lower-and upper-terrace ground water; and smaller inorganic nitrogen concentrations than in the creek or any upgradient wells. Anoxic or almost anoxic conditions need to be present for denitrification to proceed. The median dissolved-oxygen concentration in the six suspected denitrifying wells was 0.2 mg/L. Dissolved-oxygen concentrations in water recharging the aquifer from Fountain Creek seem to be decreased or depleted by the nitrification of dissolved ammonia to nitrate. This process requires 3.7 mg of oxygen for every 1 mg of ammonia that is oxidized. Inorganic nitrogen concentrations in Fountain Creek in the study area generally are about 12 mg/L. Ammonia concentrations generally represent about 5 to 10 mg/L of the inorganic nitrogen concentration. Nitrification of the 5 to 10 mg/L of ammonia in Fountain Creek as it enters the creek-bottom part of the aquifer would deplete the 4 to 12 mg/L of dissolved oxygen that typically is present in the creek.
Large concentrations of dissolved manganese and dissolved iron can be used as indicators of a reducing environment because they essentially are insoluble in well-oxygenated environments and are soluble in anoxic, reducing environments. In the suspected denitrifying wells, the median concentration of dissolved manganese was 155 M-g/L and dissolved iron was 124 ^ig/L; in wells in which denitrification was not suspected, the median dissolved-manganese concentration was 1 ^ig/L and dissolved-iron concentration was 7 M-g/L. The elevated manganese and iron concentrations in the six suspected denitrifying creek-bottom wells emphasize the existence of reducing conditions, which have been shown to support the denitrification process (Champ and others, 1979) . Four other creekbottom wells had dissolved-oxygen concentrations less than 0.5 mg/L, a median dissolved-manganese concentration of 275 M,g/L, and a median dissolved-iron concentration of 7.5 ug/L, indicating the presence of slight reducing conditions in these areas. The median nitrate concentration in these wells was 10 mg/L. Why some areas of the aquifer in the creek bottom undergo denitrification and others do not is not yet understood.
Nitrate concentrations in the lower-and upperterrace wells ranged from 0.21 to 17 mg/L (tables 4 and 5); the median concentration for the lower-terrace wells was 7.9 mg/L and for the upper-terrace wells was 7.4 mg/L. As previously discussed in the "Dissolved Solids and Major Ions" section, relatively fresh surface recharge and inflow from the tributary alluvium seem to be the major sources of recharge to the terrace alluvium and the main body of the aquifer. Accordingly, nitrate concentrations in this area might be from sources in the terrace and tributary alluvium. These sources might include Sand Creek, Canal No. 4, animal wastes, septic systems and sewers, natural soil nitrogen, lawn fertilizers, and leakage from industrial-waste lagoons.
Sand Creek is an ephemeral tributary to Fountain
Creek and has streamflows that generally are less than 1 ft3/s, except during periods of rainfall runoff. Sand Creek had dissolved-solids concentrations that ranged from 489 to 580 mg/L and nitrate concentrations that ranged from 4.6 to 8.1 mg/L in six grab samples collected from the creek during 1991 and 1992. The small streamflow available for ground-water recharge and the large dissolved-solids concentrations in Sand Creek compared to the main body of the aquifer indicate that it is unlikely that Sand Creek contributes a substantial amount of water or nitrate to the alluvial aquifer.
Canal No. 4 is an irrigation canal that diverts water from Fountain Creek just downstream from the Colorado Springs Wastewater Treatment Plant (pi. 1). Edelmann and Cain (1985) estimated that about 57 percent of the flow in the canal is contributed by the treatment plant. Dissolved-solids concentrations generally were between 400 and 500 mg/L. Additionally, Edelmann and Cain (1985) reported that total inorganic nitrogen concentrations in the canal generally were larger than 10 mg/L; most of the inorganic nitrogen was ammonia. Based on the dissimilarities between water quality in the canal and in the main body of the aquifer and in wells immediately adjacent to the canal, leakage from the canal is unlikely to be a substantial source of water or nitrogen to the alluvial aquifer.
There are very few livestock operations in the study area; therefore, the contribution to the overall nitrate budget of the aquifer from animal wastes probably is not substantial. Nitrate concentrations could be elevated in very limited, localized areas where livestock are raised. Edelmann and Cain (1985) reported that septic systems serve about 20 people in the study area and, thus, do not represent a substantial source of nitrate, except in very limited, localized areas where they are used. Contributions of nitrate to ground water from leaking sewers are not believed to be substantial, except possibly in some localized instances where elevated nitrate concentrations were observed.
Evidence indicating that natural soil nitrogen, lawn fertilizers, and leakage from industrial-waste lagoons might be substantial sources of nitrate in the terrace-and tributary-alluvium ground water includes: (1) Ground-water flow generally from the terrace alluvium toward Fountain Creek, (2) relatively large dissolved-oxygen concentrations in the terrace-and tributary-alluvium ground water, (3) a rapidly expanding residential area and associated increases in lawn watering and fertilization, (4) documented leakage from industrial-waste lagoons that have very large nitrate concentrations (Callaway Environmental Consultants, 1992) , and (5) nitrogen-isotope ratios (8 15N) in the main body of the aquifer of 6.2 to 6.3 per mil.
Naturally occurring soil nitrogen has been reported to be a major source of nitrate in ground water (Feth, 1966; Kreitler and Jones, 1975; Boyce and others, 1976) . Because much of the study area was uncultivated, nonirrigated, semiarid grasslands prior to the residential growth that began in the 1960's, it is unlikely that substantial amounts of natural soil nitrogen were leached to the ground water prior to the 1960's. Increased residential development and associated lawn watering might have resulted in a corresponding increase in the leaching of natural soil nitrogen to the ground water. Edelmann and Cain (1985) reported that nitrate concentrations in the alluvial aquifer were less than 1 mg/L prior to the mid-1960's. By 1974, nitrate concentrations in ground water had increased more than five fold in parts of the study area. Increased lawn watering and leaching of soil nitrate might have contributed to the increase.
Dissolved-oxygen concentrations in the ground water of the lower-and upper-terrace alluvium generally ranged from about 4.5 to 7.0 mg/L. As previously mentioned in the "Dissolved Oxygen" section, dissolved-oxygen concentrations in the alluvium recharged by Fountain Creek generally were less than 1.0 mg/L; thus, if Fountain Creek or Canal No. 4 were a substantial source of recharge or nitrate to the entire aquifer, dissolved-oxygen concentrations would be expected to be substantially smaller than the measured concentrations.
Leakage of industrial wastes from surface impoundments that contained large concentrations of nitrate (Callaway Environmental Consultants, 1992) might have contributed to increased nitrate concentrations in the tributary alluvium near Little Johnson Reservoir. The surface impoundments are located just east of Little Johnson Reservoir (pi. 1) and have received industrial wastes since 1969 (Callaway Environmental Consultants, 1992) . Leakage from the lagoons was not detected until 1984, and the time that the leakage began is unknown. Wastes were removed from the lagoons between 1986 and 1988. Nitrate concentrations in the saturated alluvium beneath the lagoons were as large as 475 mg/L and decreased downgradient from the lagoons (Callaway Environmental Consultants, 1992) . At present (1992), the percentage of nitrate in the aquifer that originates from the lagoons is unknown.
Nitrogen-isotope ratios of nitrate in ground water have been used to help identify nitrate sources (Kreitler, 1975 (Kreitler, , 1979 Kreitler and Jones, 1975; Kreitler and others, 1978) . Three 5 I5N ranges have been defined for nitrate from different sources:
(1) The 8 15N values in unfertilized, cultivated fields (soil nitrogen) range from +2 to +8 per mil; (2) the 5 N values of commercial fertilizer generally are less than 3.5 per mil, although volatilization of ammonia fertilizers can increase the 5 15N value substantially; and (3) the 5 I5N values for nitrogen from animal wastes, including treated wastewater effluent, range from +10 to +20 per mil (Kreitler, 1975; Kreitler and Jones, 1975 ; T.B. Coplen, U.S. Geological Survey, written comm., 1991). If there are different sources of nitrogen that mix with one another, the source or sources of nitrogen might be very difficult to distinguish.
The results of 5 15N analyses of water samples collected from the Janitell Road site and from eight wells are listed in table 1. Sampling all wells in the network for 5 I5N was cost prohibitive. The wells that were sampled for 5' 5N were selected to provide an adequate spatial representation of 5 15N values in the entire study area. The 5 I5N value for Fountain Creek was 13.2 per mil and for well TH 37, which is located about 100 ft from Fountain Creek, was 10.4 per mil. These values are within the range for animal-wastederived nitrate (+10 to +20 per mil) and indicate treated wastewater effluent in Fountain Creek might be the source of nitrate in these samples and possibly in much of the creek-bottom area of the aquifer immediately adjacent to the creek. Well V-3 6.3
Well CO259-25 8.9
Well W-8 6.2
WellU-l5____________________11.6
'Nitrogen-isotope ratio of water relative to air, in per mil.
Two samples collected from wells in the upper terrace (wells CO259-26 and U-15) had 5 15N values of 10.0 and 11.6 per mil (table 1) , respectively, indicating that an animal-derived source of nitrate might have contributed to nitrate contamination in these areas. Both wells are located in densely developed residential areas and are immediately adjacent to large public buildings that are served by sanitary sewers, and the water-quality characteristics of these wells are anomalous to conditions in the areas surrounding the two wells. These results indicate nitrate in these wells probably is from a localized source that seems to be leakage from sanitary sewers.
Samples from five wells in the lower and upper terraces (wells TH-22, U-09, V-3, CO259-25, and W 8) had 6 15N values ranging from 6.2 to 8.9 per mil (table 1). Wells TH-22, U-09, and V-3, which had 6 15N values of 6.3 per mil, are located along the major flow path of the aquifer that coincides with the area of small dissolved-solids concentrations that originate in the tributary alluvium located to the southeast of Sand Creek (pis. 1 and 2). Accordingly, 6 15N values of water from these wells are representative of a substantial source of nitrogen to the entire aquifer. The 6' 5N values for these wells were smaller than the range for nitrate derived from animal wastes and make it unlikely that animal-derived nitrogen is the major source of nitrogen to the main body of the aquifer.
The 6 15N value for wells TH-22, U-09, and V 3 are similar to the range of 6 15N values for natural soil nitrogen (+2 to +8 per mil) and isotopically heavier than nitrate derived solely from nitrogen fertilizer (-3 to +2 per mil). Kreitler and others (1978) reported similar results from a study of nitrate in ground water in New York. They suggested three possibilities for these results: (1) More soil nitrogen is being mineralized into nitrate than is being applied as fertilizer; (2) some nitrate fertilizers analyzed are isotopically heavier than the predominant range of-3 to +2 per mil, and these fertilizers could be used in the area; and (3) fertilizer nitrate has undergone denitrification, ammonia volatilization, or nutrient assimilation and, thus, has been made isotopically heavier. All three possibilities can be applicable to conditions observed in the study area.
The 6 15N values for the nitrate in the industrialwaste lagoons, which include nitric acid, nickel nitrate, and cadmium nitrate (Callaway Environmental Consultants, 1992) are not known. Based on the 6 N values in the three terrace-alluvium wells and the previously discussed hydrogeologic and waterquality characteristics of the alluvial aquifer, nitrate in ground water in much of the aquifer is not derived from an animal-waste source but might be derived from natural soil nitrogen, turf-grass fertilizers, and possibly from industrial wastes.
Water-Quality Trends
Temporal trends in dissolved-solids and nitrate concentrations in the aquifer were evaluated using the seasonal Kendall trend test on long-term concentration data for water from four municipal-production wells (SH-4, S-14, S-2, and W-^) and one irrigation well (V 3) in the monitoring network (pi. 1). Quarterly time series of dissolved-solids and nitrate concentrations were analyzed for 1981 through 1992. Data collected prior to 1991 were collected for different studies but were collected and analyzed using the same techniques as this study.
The trend-test results include the p-value and the direction and slope of temporal trends. The p-value is the attained two-sided significance level of a given trend (Crawford and others, 1983) . A trend was judged to be statistically significant if the p-value was less than or equal to 0.05. A temporal-trend slope is an estimate of the magnitude of a trend expressed as the median annual change in concentration. Crawford and others (1983) stressed that the seasonal Kendall test is exploratory in nature, and any indication of a trend does not imply that the trend will continue in the future. Additionally, although the magnitude of a known trend is expressed as a slope, a linear relation is not assumed.
Dissolved Solids
The results of temporal-trend tests on dissolvedsolids concentrations indicate significantly increasing concentrations for well S-14 and significantly decreasing concentrations for wells V 3, S-2, and W 4 (table 2). Dissolved-solids concentrations in well S-14 have been increasing steadily since data collection began in 1981 ( fig. 3 ). Well S-14 is located about 2,000 ft south and downgradient from a large sand-andgravel mining operation (pi. 1). Dissolved-solids concentrations seem to be increased by the washing of sand and gravel and by the evaporative concentration and reuse of the wash water. In 1976, the sand company decreased its annual ground-water withdrawals from 420 to 55 acre-ft/yr after installing a holding tank and a pump to recycle the water used in the sandwashing process (Tony Venetucci, written commun., 1976) .
The trend in decreasing concentrations of dissolved solids observed in wells S-2, W 4, and V 3 in the main body of the aquifer probably is the result of increased recharge to the alluvium from increased precipitation ( fig. 3 ) and increased total volume of water applied to lawns as the residential areas expanded. Decreasing dissolved-solids concentrations in the main body of the aquifer could change if water levels in the aquifer decrease, as might occur during drier years if pumpage increased and surface recharge decreased. The dissolved-solids time-series plots for wells S-2, W-4, and V-3 indicate that the decreasing trends in dissolved-solids concentrations have been interrupted by rapid, temporary increases in concentration ( fig. 3 ). These rapid increases in dissolved-solids concentrations typically occurred in the summer when ground-water withdrawals were largest. The increases were first observed in well V 3, then in well S 2, and finally, in well W-4, which is the downgradient order of these wells. These short-term fluctuations may indicate that short-term conditions, such as increased pumpage during the summer, may result in: (1) A short-term change in the hydraulic gradient and increased recharge from Fountain Creek, and (2) larger dissolved-solids concentrations in the main body of the aquifer resulting from the increased inflow of creek water.
Nitrate
During 1981 92, significantly increasing nitrate concentrations were detected for well S 2, and no significant trends were detected for wells SH-4, S 14, W-4, or V 3 (table 2) . However, the time-series plot for well S-2 ( fig. 4) indicates that nitrate concentrations increased steadily from 1981 until 1991, at which time an apparent trend break occurred; concentrations decreased through 1992. A similar break from increasing nitrate concentrations occurred at well S 14 in 1986 and at well V-3 in 1988 (fig. 4 ). All three wells had increasing nitrate concentrations until the breaks occurred ( fig. 4) . These results indicate that nitrate concentrations were increasing in the main body of the alluvial aquifer until some time during 1986-91.
SUMMARY
The alluvial aquifer in the Fountain Creek Valley of southwestern El Paso County is the primary municipal water supply for the communities of Stratmoor Hills, Security, and Widefield and is a secondary supply for Colorado Springs. As such, about 5,000 to 6,000 acre-ft of the estimated 18,000 acre-ft of aquifer storage is pumped annually. Therefore, the quality of water pumped from the aquifer is a major concern. Increased nitrate concentrations in the aquifer had been reported to result from recharge from Fountain Creek. Hydrogeologic and water-quality data collected quarterly in 1991 and 1992 from a network of 63 wells were used to define the spatial and temporal variations of dissolved-oxygen, dissolved-solids, and nitrate concentrations in the aquifer. Aquifer water levels and ground-water flow directions, dissolved-solids concentrations, hydrochemical facies, dissolved-oxygen concentrations, nitrate concentrations, and nitrogenisotope ratios were used to make a qualitative determination of the potential sources of water and nitrogen to the aquifer. 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 ?? 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 O 400 WELLS-14 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 g 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 O 400 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 Hydraulic connection between Fountain Creek and the aquifer exists throughout much of the study area as discontinuous bedrock lows where the creek and aquifer are in contact. Flow between the creek and the aquifer is a function of hydraulic connection and the hydraulic gradient between the creek and the aquifer. Ground-water flow generally was toward Fountain Creek during 1991 and 1992, although short-term increases in stream stage in Fountain Creek might have increased flow from the creek to the aquifer.
Dissolved-oxygen concentrations in the aquifer ranged from 0.0 to 8.2 mg/L. Concentrations generally were smaller near the interface of Fountain Creek and the aquifer than in the main body of the aquifer. The smaller dissolved-solids concentrations near the creek seem to be caused by the microbiological decomposition of organic matter in the creek sediments and the nitrification of ammonia to nitrate as water from the creek recharges parts of the aquifer. The water in the terrace deposits and in the main body of the aquifer was well oxygenated.
Dissolved-solids concentrations generally were larger near the creek than in the main body of the aquifer. Water from Fountain Creek and the creek bottom part of the aquifer generally was a mixed water type. The dominant water type in the terraces and in the main body of the aquifer was calcium bicarbonate. Relatively fresh recharge that contained small dissolved-solids concentrations is the primary source of recharge to the aquifer. Sources of recharge with smaller dissolved-solids concentrations include the tributary alluvium to the southeast of Sand Creek and surface recharge from precipitation and lawn watering.
Nitrate concentrations in the aquifer ranged from less than 0.05 to 17 mg/L. Considerable spatial variability occurred in nitrate concentrations. Concentrations generally were smaller near Fountain Creek and larger in the main body of the aquifer. Denitrification near the interface of Fountain Creek and the aquifer was indicated to be the cause of the small nitrate concentrations near the creek. Several sources of indirect evidence indicate that substantial sources of nitrate in the ground water may include natural soil nitrogen, lawn fertilizers, and leakage from industrial-waste lagoons. This evidence is supported by (1) small concentrations of dissolved solids in ground water with relatively large nitrate concentrations; (2) ground-water flow in the aquifer from the eastern tributary valleys toward Fountain Creek; (3) a rapidly expanding residential population, which has increased surfacederived recharge, and associated nitrate concentrations from lawn watering and fertilization; (4) dissolvedoxygen concentrations in water from the lower-and upper-terrace-alluvium wells that were significantly less than those near Fountain Creek; (5) nitrogenisotope ratios of 6.2 to 6.3 in the main body of the aquifer; and (6) nitrate concentrations as large as 475 mg/L in the ground water beneath leaking industrial-waste lagoons.
Trends in long-term time series (1981 92) of dissolved-solids and nitrate concentrations in water from five wells were evaluated with the seasonal Kendall test. Significant decreases in dissolved-solids concentration were measured in three wells; a significant increase was detected in one well. An increase in surface recharge and inflow from tributary alluvium seems to be the cause of decreasing dissolved-solids concentrations in some areas of the aquifer. The one significant increase in dissolved-solids concentration seems to be caused by the reuse of ground water by a sand-and-gravel mining operation. A significant increase was detected in nitrate concentration for only one well. Nitrate concentrations seemed to be increasing in some areas of the aquifer until 1986, at which time a break in the trends occurred and concentrations began to decrease. 13.
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